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If a wet gel is left to dry in open air, almost complete collapse of the network takes place due to capillary forces. Using supercritical drying, the degree of network collapse can be made very small [1, 2] . Monolithic pieces of solid material obtained using this drying technique are commonly referred to as aerogels and have very low densities. There is a wide interest in silica aerogels both as a material with potential technological applications [3] and in fundamental research as an amorphous material with structural and dynamic properties which can be described using massfractal scaling [4, 5] .
The detailed structure of the aerogel is very dependent on parameters such as pH of the solution in which the network is grown and aging time, i.e. the time between formation of an infinite cluster (the gel point) and drying. Freeze-drying, i.e. sublimation of the frozen solvent, is a widely used industrial drying technique, which might constitute an alternative to supercritical drying. We present SAXS data for a series of freeze-dried acid-catalysed silica gels with variation of aging time. The data are analysed in terms of a mass-fractal model and compared to data obtained for base-catalysed aerogels.
The wet gel was prepared by hydrolysis and condensation of tetraethoxysilane in tertiary butan01 under acid catalysis (phosphoric and oxalic acid) with slightly understoichiometric amount of water. A necessary requirement for freeze-drying to produce monolithic 'cryogels', is that the volume change of the solvent upon freezing is negligible. In addition the freezing point should match the working temperature of the freeze-dryer. Tertiary butanol was chosen instead of the more conventional choice of ethanol as the best compromise to meet these requirements. It was necessary to perform solvent exchange six times in order to remove ethanol released by hydrolysis together with remaining water. After gelation, the samples were kept in sealed containers at 60°C and aged 48 hours (sample 170-5), 96 h (806-3), 192 h (806-5), 384 h (806-6) and 864 h (806-8) (In the following the batch code '806' is left out). The samples were then frozen at -18' C and freeze-dried in a commercial freeze-dryer. Finally the gels were placed at 60' C for 24 hours to remove the last traces of solvent. The resulting gels were fairly transparent with a density of -0.5 g/cm3, which is relatively high compared to aerogels. The gels were very fragile and cracked into powders of mm sized grains. Details of the sample preparation and characterisation are found in [6] , where the sample notation given above is used.
The SAXS experiments were performed on JUSIFA at the DORIS synchrotron radiation source at DESY, Hamburg [7] . We used an incoming wavelength of 1.54 A and the spectra were combined
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from data with a sample-detector distance of 911 mm and 3621 mm, respectively. The powder samples were packed in 0.5 mm thick containers with windows of 75 pm kapton foil. The raw data were azimuthally averaged, corrected for transmission and the background from the empty sample holder was subtracted. The two parts of the spectra were scaled together by adjusting the scalefactor calculated from the sample-detector distances. This was done by fitting a power law in the overlap region. The final spectra are in arbitrary units. The data are not corrected for the effect of finite resolution, which is negligible. Figure 1 . SAXS spectra from the five cryogels. Each spectrum is reduced a factor 5 compared to the previous one. Also shown is a SANS spectrum from a base-catalysed aerogel (open circles) [8] . Figure 1 shows the SAXS spectra for the five freeze-dried, acid-catalysed samples together with a SANS spectrum of a base-catalysed aerogel of density 0.15 g/cm3. The analysis of a series of gels of the Iast type is reported in detail in fa]. Sample no. 170-5 is distinctly different from the other freeze-dried samples. This sample was aged 48 hours, which is the smallest aging time investigated. However, the sample is from a different batch than the others and although the same recipe was used, it cannot safely be concluded that the differences are entirely due to aging effects. The spectra for the other freeze-dried samples are very similar, which might indicate that the time scale for observation of aging effects is within 1 week after gelation. Whereas the spectrum of the base-catalysed aerogel exhibit two distinct crossovers reflecting a hierarchical structure, no such distinct features are observed for the acid-catalysed freeze-dried series.
A general scattering cross-section, g, can be written:
The present investigation is not on an absolute scale and thus factors not concerning the sample structure are lumped together into a single constant, A. f2(q) is a particle formfactor, S(q) is the structure factor describing interparticle interference and @(q) takes account of large scale correlations. For the base-catalysed aerogels, a consistent analysis was obtained by considering the samples to be build of elemental particles aggregated into fractal clusters, which are assembled to build up the sample. In this case f2(q) is a conventional (sphere) formfactor, S(q) is the fractal structurefactor reflecting the mass-fractal scaling in each cluster (mass cc distancedf, df being the fractal dimension) and @(q) takes account of cluster-cluster correlations, which show up in the spectrum as a reduction in scattered intensity at low q's [8] . When comparing the data on figure 1, it should be kept in mind that for the SANS data an incoherent background must be added to the cross-section in (1). The expression (I) simplifies considerably for the freeze-dried sample series. First no clear crossover to a Porod region is observed. For the base-catalysed samples such a crossover is seen at q 0.08 A-1 and for these samples an elemental particle size of N 20 A is found. For the presently investigated sample series a slight indication of a crossover is seen around q 0.3 A-l, which corresponds to a 'particle' size of less than 5 A, which is roughly the size of a single Si04 tetrahedra. Thus the particle concept hardly has any meaning, the network being more like a branched polymer network than a network of aggregated quartz spheres. This difference is to be ascribed to the different mechanisms of acid and base catalysis. Hydrolysis is favoured by acid catalysis: At low pH, protonation occurs at the least acidic =Si-OCH2CH3 site resulting in siloxane bond formation occuring primarily at sites with a low degree of connectivity, i.e. the formation of linear chains are favoured. The linear chains become more and more entangled as the gel point is reached and additional crosslinks are made [9] . This mechanism also explains why no clusters can be recognized in the network in contrast to what is found for the base-catalysed samples. The freeze-dried samples were made with understoichiometric amount of water, a factor which also enhances the tendency of linear chain formation [lo] .
The expression for the scattering cross-section thus reduces to = AS(q). The parameters characterising the fractal structure factor, S(q), are the fractal dimension, df and the correlation length, I, i.e. the upper cutoff for fractal scaling. We use for S(q) the expression [Ill:
where r is the Gamma function and R is the size of the elemental building blocks in the system, which in the present case are of atomic size. Self-correlation (the term '1' in (2)) can be ignored for qR << 1, which is advantageous in order to avoid introducing two highly correlated amplitudes. Thus our final model is:
where R is included in the amplitude A. The result of non-linear least square fitting the model ( conclude that mass-fratal scaling is an adequate description from 50 A down to near molecular dimensions. There is a slight increase in df with aging time, i.e. the samples tend to become more. compact when they age as a result of creation of additional bonds. The gel point is a statistical concept; in chemical terms nothing special happens at the gel point and hydrolysis and condensation continues beyond the gel point until either a steady state is reached or the reactions are 'quenched' by drying. f decreases with aging time, -30% variation is observed between sample 3 and 8. The aging times chosen are not optimal, a steady state appears to be reached within 1 week after gelation, with df -2.6 and 6 -40A. The decrease in 6 is not reflected in the macroscopic shrinkage -all gels are observed to shrink 10%. The observed trends can be explained within a percolation model: The fractal dimension of the infinite percolation-cluster in three dimensions is 2.5 [12] , a value not too different from what is found for the freeze-dried gels. In the percolation model, the correlation length scales with the distance from the percolation threshold as f cc (p-p,)-", where p is the site occupancy with the threshold value p, [12] . Thus the correlation length decreases as more bonds are created as is observed for the investigated samples.
Freeze-drying is a milder drying technique than supercritical drying, where the aging processes are accelerated under the high temperatures applied [2] . We therefore expect the network of a freeze-dried gel to compare well with that of the wet .g;l,-an expectation confirmed by comparison with literature [13] . Also data for acid-catalysed aerogels very similar to our data are found in the literature [14] . We thus conclude that freeze-drying is an alternative to supercritic~l hying if cracking of the gels can be prevented. Figure 2 . SAXS spectra together with the fitted model. Every fifth datapoint is shown except at the rounding of the scattering curve at low q, where all points are shown.
